Organisms are thought to have developed antiviral immune systems through coevolution with viruses. However, these immune systems can never permanently overcome viruses because of the much faster virus evolution due to high error rates of viral replicase, shorter generation times, and larger populations (Duffy et al. 2008) . Nonetheless, immune systems remain competitive. It is therefore an interesting question as to how organisms have managed to maintain durable antiviral immune systems, especially plants, which are sessile and, thus, face the same set of pathogens for a long time. Recent studies in pea (Atsumi et al. 2016; Choi et al. 2013 ) suggest that a virus that overcomes a plant immune system faces a trade-off in reduction of its ability to overcome a parallel immune system in the same plant. Such trade-offs could constrain the adaptive evolution of viruses and partly explain how plant immune systems remain durable. Reconsidering other known antiviral immune systems from this point of view shows that such a trade-off is not unprecedented. This review focuses on paired plant immune systems that could enforce such trade-offs for viruses.
Trade-offs for viruses in overcoming RNA silencing and effector-triggered immunity implied in the zigzag model.
The idea of the trade-off is inspired by the "zigzag" model, which proposes a simplified coevolutionary arms race between innate immunities and pathogenic microbes (Jones and Dangl 2006) . This model was based on studies of interactions between plant immunities and bacterial and fungal pathogens. When adapted for plant-virus interactions, the zigzag model implies collaborative actions of layered innate immunities in enforcing trade-offs on viruses.
In the canonical zigzag model, plants have developed layered innate immunities with two kinds of receptors to recognize pathogen infections and mount defense reactions (Boller and Felix 2009) . One is a receptor-like kinase (RLK) that is anchored on the plasma membrane of the plant cell and monitors the outside of the membrane. RLKs perceive conserved structures or molecules on microbes called pathogen-or microbeassociated molecular patterns (PAMPs or MAMPs) and induce defense reactions called pattern-triggered immunity (PTI) against diverse pathogenic microbes that invade the apoplast. Thus, RLKs could be functional homologs of animal toll-like receptors (TLR), as both are anchored to the plasma membrane and share a leucine-rich repeat (LRR) domain that is mainly involved in the perception of MAMPs (Padmanabhan et al. 2009 ). However, no RLKs that recognize viral infection have been identified so far, though an immune receptor that is supposed to be an RLK dependent on the somatic embryogenesis RLK1 (SERK1) perceives double-stranded RNA (dsRNA) as viral MAMPs to induce PTI, separate from RNA silencing (Niehl et al. 2016) . Instead, there is ample evidence for the recognition of viral infection by another class of plant immune receptor, a nucleotide binding site (NB)-LRR protein (Moffett 2009 ). Although possessing an LRR domain, NB-LRRs do not perceive MAMPs but do, generally, perceive a particular protein of pathogens in the cytoplasm and induce strong defense reactions and programmed cell death, called the hypersensitive response (HR). This specificity-that is, HR is induced only when the plant produces an NB-LRR that perceives the protein produced by pathogen-is described by the gene-for-gene theory (Flor 1971) . If the NB-LRR-perceived protein was dispensable for a pathogen, the pathogen could easily evade eliciting the NB-LRR-mediated HR by discarding the protein. However, the HR defense systems involving specific perception by NB-LRR are durable enough to be used for breeding crops to confer resistance to diverse pathogens. The zigzag model gives a feasible reason for their durability, i.e., the NB-LRR perceives a pathogen protein that suppresses or circumvents PTI. This protein is called the effector and the NB-LRR-mediated HR defense is called effector-triggered immunity (ETI). In the model, by discarding the effector and evading ETI in a host, the pathogen sacrifices its ability to suppress PTI, resulting in effective control of the pathogen by PTI. These effects of antagonistic pleiotropy of the pathogen effector on PTI (Fig. 1A , effector-suppressed immunity [ESI] ) and ETI cause the trade-off in overcoming both immune systems ( Fig. 1A and B ). As such, trade-offs are not necessarily inevitable for bacterial and fungal pathogens, which usually have several effectors and can discard the effector that is perceived by the NB-LRR without losing their ability to suppress PTI, the zigzag model might not have definitively explained the trade-offs.
In contrast, plant viral proteins that are perceived by NB-LRRs are multifunctional and essential. Most plant viruses are RNA viruses, and these, typically, have small genome sizes (generally around 10 kb but up to 20) that encode from three up to only a dozen or so proteins that must perform several functions. Therefore, if a viral protein that is perceived by NB-LRR suppresses PTI, the protein is thus an effector for which antagonistic pleiotropy could form the basis for trade-offs that would achieve evolutionary control of the virus. RNA silencing that is induced by dsRNA is considered to work for plant PTI against viruses (Nakahara and Masuta 2014) . Consistent with this, most plant viruses produce proteins that suppress RNA silencing (RNA silencing suppressor [RSS] ) in infected plant cells (Csorba et al. 2015) . In the zigzag model, an RSS could be, then, considered to be a viral effector. In fact, several plants perceive viral RSSs and induce HR or extreme resistance, which is thought to be an enhanced version of HR that completely prevents viral multiplication and is not associated with programmed cell death (Nakahara and Masuta 2014) . Moreover, recent studies provide evidence that NB-LRRs perceive the suppression activity of RSSs (de Ronde et al. 2014; Wang et al. 2015) . The greater the RSS activity, the more strongly HR against that RSS appears to be induced. RNA silencing via micro-RNAs controls the expression of many NB-LRRs (Shivaprasad et al. 2012; Zhai et al. 2011 ), which appears to be one of the reasons for the correlation between RSS activity and the strength of HR. These studies indicate antagonistic pleiotropy of at least the action of some viral RSSs in RNA silencing and ETI.
Other pairs of independent antiviral immune systems causing trade-offs.
In addition to RNA silencing and ETI targeting of viral RSSs, other combinations may impose antagonistic pleiotropy on viral effectors in plants. For example, the Cyn1-and cyv1-mediated independent immune systems against Clover yellow vein virus (ClYVV) in peas may be another combination (Atsumi et al. 2016; Choi et al. 2013) . What these genes encode remains to be identified, but both products interact with ClYVV P3N-PIPO, which is involved in cell-to-cell movement. Cyn1 governs systemic lethal necrosis of pea plants in response to ClYVV infection. Evidence from genetic analyses of pea and ClYVV and pharmacological studies (Atsumi et al. 2009 (Atsumi et al. , 2016 Ravelo et al. 2007) implies that Cyn1 encodes an NB-LRR that perceives ClYVV P3N-PIPO and induces systemic HR, resulting in lethal necrosis. This would make the Cyn1-mediated immunity an instance of ETI, in which the effector is P3N-PIPO. On the other hand, the efficiency of cyv1-mediated resistance to ClYVV strains was recently shown to vary from immunity to delay of systemic infection (Atsumi et al. 2016) . Considering that P3N-PIPO is both quantitatively and qualitatively involved in ClYVV virulence in pea carrying cyv1 (Choi et al. 2013) , Atsumi et al. (2016) interpret the relationship of the Cyn1-and cyv1-mediated Nakahara et al. 2012) show various ETI-ESI combinations that impose antagonistic pleiotropy on viral effectors. These results suggest that this is a general strategy of plants to counteract viruses, which evolve much more rapidly than the host plants. C, Immune systems appear to recognize critical domains or activities of viral proteins not only for suppression of ESI but, also, for viral compatibility with the host plant. When a viral protein mutates to evade the immunity, its compatibility with the host plant is reduced. Thus, immunity and incompatibility impose antagonistic pleiotropy on the viral protein (García-Arenal and Fraile 2013). This antagonistic pleiotropy of viral effectors or proteins would constrain adaptive virus evolution, maintaining the durability of immune systems against viruses.
immune systems with ClYVV via its P3N-PIPO to mean that the more effectively P3N-PIPO works in breaking cyv1-mediated resistance, the stronger Cyn1 perceives it and induces necrosis. Therefore, these two independent immune systems in pea appear to impose an antagonistic pleiotropy on P3N-PIPO. cyv1 is not likely to be associated with antiviral RNA silencing, because the resistance of cyv1 is highly specific to ClYVV and related potyviruses and is recessive; pea plants homozygous for cyv1 resist ClYVV but heterozygotes do not. Moreover, transient expression assay with agroinfiltration did not detect RSS activity of ClYVV P3N-PIPO in transgenic Nicotiana benthamiana 16c (G. Atsumi unpublished). Therefore, these studies suggest that ETI and another independent immune system, apart from RNA silencing, are also able to impose trade-offs via antagonistic pleiotropy of a viral effector (Fig. 1B) .
In addition, antiviral RNA silencing and two other reported immune systems targeting viral RSSs that seem not to involve NB-LRR could impose trade-offs on viruses. One system is tm-1-mediated resistance in tomato. Tm-1 encodes a protein involved in resistance to Tomato mosaic virus (ToMV) (Ishibashi et al. 2007) ; the protein specifically binds to and inhibits ToMV replicase. The tm-1-encoded protein does not inhibit the ToMV replicase but does inhibit replicases of other nonadapted tobamoviruses (Ishibashi et al. 2009 ). Tobamovirus replicases are viral RSSs (Ishibashi et al. 2011) . The RSS activity of the replicase of a tobamovirus, Tobacco mild green mosaic virus, was reduced when the virus overcame tm-1-mediated resistance via mutations in the replicase (Ishibashi et al. 2011 ). This finding implies that the tm-1-encoded protein has affinity with a domain or structure of the replicase that is critical for the RSS activity.
Another immune system is mediated by a calmodulin-like protein, rgs-CaM. rgs-CaM directly interacts with various viral RSSs (Anandalakshmi et al. 2000; Nakahara et al. 2012) and is suggested to function in antiviral defense by directing degradation of its binding RSSs by autophagy (Nakahara et al. 2012) . Many viral RSSs have been shown to bind to small or long dsRNAs, and this binding seems to be critical for RSS activity (Csorba et al. 2015) . The binding domain of rgs-CaM appears to be negatively charged and to have affinity for a positively charged dsRNA binding site of RSSs. The affinity of rgs-CaM for the 2b protein, RSS of Cucumber mosaic virus, was reduced by a point mutation that disrupted the ability of 2b to bind to dsRNA and, thus, to suppress RNA silencing (Goto et al. 2007 ). The affinity of rgs-CaM and the tm-1-encoded protein for RSSs can cause antagonistic pleiotropy of viral RSSs. The existence of various combinations of innate immune systems imposing trade-offs on viruses implies that this is a general antiviral defense strategy of plants that maintains the durability of their immune systems (Fig. 1A and B) .
Reduced compatibility to host plants is another trade-off for viruses in overcoming one immunity.
Various viral proteins, likely not RSSs, elicit HR, probably via their perception by NB-LRRs (Moffett 2009) . How is the durability of this NB-LRR-mediated ETI secured? Compared with parental viruses that were sensitive to ETI, resistancebreaking viruses showed attenuated virulence, lower multiplication, and virion instability in susceptible hosts (Elena et al. 2014; García-Arenal and Fraile 2013) . One feasible reason is that these NB-LRRs perceive a domain or structure of a viral protein that is critical for its enzymatic activity, virion stability, or interaction with co-opted host factors that are required for viral multiplication, cell-to-cell transfer, or longdistance movement. When a virus adaptively evolves to evade perception by NB-LRRs, it bears fitness penalties, resulting in its attenuation in susceptible plants. These penalties could be the trade-offs for overcoming plant immunity (Fig. 1C) (García-Arenal and Fraile 2013) and could contribute to the durability of the immunity.
Molecular mechanisms underlying these penalties are largely elusive. As Cyn1 perceives P3N-PIPO, which is not an RSS but functions as an effector for cyv1-mediated resistance, part of the penalty or incompatibility might be due to unknown immune systems. It is possible that some viral proteins, which are perceived by NB-LRRs, suppress the PTI via perception of viral dsRNAs by an RLK with SERK1 (Niehl et al. 2016) and that this canonical PTI-ETI imposes trade-offs on the virus. Actually, an RLK, NIK1-mediated antiviral immunity, which involves translation repression, is suppressed by NSP1 of begomoviruses (Zorzatto et al. 2015) and NSP1 is presumed to be perceived by NB-LRRs to induce HR (Garrido-Ramirez et al. 2000; Hussain et al. 2005) . Moreover, this HR is suppressed by TrAP, an RSS of Tomato leaf curl New Delhi virus (Hussain et al. 2007) . A coat protein of Turnip crinkle virus, which is perceived by an Arabidopsis NB-LRR, HRT, suppresses not only RNA silencing but, also, the basal resistance via binding to a NAC transcription factor, TIP (Donze et al. 2014) . We here additionally note host factors, which interact with viral RSSs and are implicated in antiviral immunities, apart from RNA silencing, i.e., RNA binding proteins ALY (Canto et al. 2006) , Arabidopsis catalase3 (Inaba et al. 2011) , and components of 20S proteasome (Ballut et al. 2005; Sahana et al. 2012) . They interact with P19 of Tomato bushy stunt virus, Cucumber mosaic virus 2b, and potyviral HC-Pro, respectively, and perhaps impose the trade-offs with RNA silencing.
Perspectives.
There might be hidden NB-LRRs that no longer perceive effectors, since current viruses have already been adaptively evolved to evade them. However, if these NB-LRRs impose tradeoffs on viruses with counterparts such as RNA silencing and cyv1-mediated resistance, they would be still effective for preventing the emergence of virulent viruses that strongly suppress the counterparts (Fig. 1A) , in other words, keeping viruses attenuated.
In summary, the imposition of trade-offs by plant immune systems that we have described here would seem to be a general strategy by which host plants maintain the durability of their immune systems and evolutionary control of viruses, which evolve much more rapidly than the host plants. When we find an interaction of a virus with an immune system, we should keep in mind the possible involvement of another in imposing trade-offs on the virus.
